Summary: Methods employing chromogenic substrates for the photometric determination of prothrombin time have several advantages over conventional coagulometric methods. We evaluated the analytical qualities of two recently introduced reagents for the photometric determination of prothrombin time. The assays were performed on a centrifugal analyser. Both reagents showed good precision, even with sample volumes of 10 μΐ or 12 μΐ. The stability of the reagents during storage was investigated at 4 °C, 25 °C and 37 °C. The chromogenic reagent, which contains thromboplastin from human placenta, was compared with a coagulometric method, which includes ox-brain thromboplastin: coagulation activities calculated from International Normalized Ratio values showed good correlation and conformity over the whole test range. The other chromogenic reagent contains thromboplastin from rabbit brain; outside the therapeutic range for oral anticoagulation the results obtained with this reagent showed poor agreement with those obtained with the coagulometric method. Both chromogenic reagents were sensitive to reduced concentrations of coagulation factors of the extrinsic pathway and nearly insensitive to low factor IX concentrations. The results of the photometric test paralleled those of the clotting method during oral anticoagulation therapy.
Introduction
Since its adoption for monitoring oral coagulation therapy, the determination of the prothrombin time introduced by Quick (1, 2) has become the most frequently performed test in haemostasis laboratories. In our laboratory 83% of all requests for coagulation tests require the assay of prothrombin time for therapy control, while in another" 4% the prothrombin time is used for screening coagulation pathology. The Thrombotest®, a one-stage coagulometric test for prothrombin time introduced by Owren (3), is widely used for monitoring anticoagulant treatment, because it uses a bovine brain thromboplastin with a high sensitivity to proteins induced by vitamin Κ absence (PIVKA)', which are produced during treatment with vitamin Κ antagonists (4, 5) . However, the development of synthetic peptides, which serve as specific substrates for particular enzymes of the coagulation system (6 -8) , has offered attractive possibilities for the introduction of automated photometric assays of the prothrombin time (9--16) .
We evaluated the analytical qualities of two recently introduced photometric tests for the measurement of prothrombin time, which we performed on a centrifugal analyser. Secondly, we compared the results of both photometric tests with the Thrombotest® in samples with normal or subnormal coagulation activity, as well as during anticoagulant therapy, and studied the sensitivity to lowered concentrations of coagulation factors. Finally, the possibility of reducing the volumes of sample and reagent was explored.
Materials and Methods

Samples
Venous blood samples, received by the laboratory for monitoring anticoagulant therapy or for screening the coagulation state, were used for the study. We collected 280 samples for comparison of the three tests. Citrated plasma was prepared by centrifugation of nine volumes of freshly drawn blood with one volume of trisodium citrate (0.109 mol/1) for 10 min (1600g) at 25 °C. Plasma was used immediately, or stored at -70 °C in plastic tubes and thawed with tap water for 5 min before use. Normal pool plasma was collected from 20 outpatients. Two samples with a prothrombin time deviating more than 3 SD from the mean were excluded. Equal volumes of the remaining 18 samples were mixed and stored in small aliquots at -70°C. The prothrombin time of this pool did not differ significantly from the value of a pool of 50 healthy blood donors. Other pool plasmas were mixtures of patient samples selected after assay with the Thrombotest®.
Other materials
Plasmas deficient in factor VII (less than 2% of normal level), or in factor II, V or IX (each less than 1% of normal level) were obtained from Merz and Dade (Dudingen, Switzerland); factor X-deficient plasma (less than 1% of normal level) was from Behringwerke AG (Marburg, FRG).
Precinorm® control plasmas were obtained from Boehringer Mannheim GmbH (Mannheim, FRG) and CTS Control plasmas from Behringwerke AG (Marburg, FRG).
Photometric reagents
We used two recently developed reagents for the photometric determination of prothrombin time. The Chromoquick® reagent (Behringwerke AG, Marburg, FRG) consists of thromboplastin from human placenta, the chromogenic substrate for thrombin, tosylglycyl-L-prolyl-L-arginyl-5-amino-2-nitrobenzoic acid isopropylamide chloride 50 μπιοΐ/ΐ, sodium chloride 50 mmol/1, calcium chloride 5 mmol/1, HEPES buffer 25 mmol/1 and the heparin antagonist hexadimethrin bromide (Polybrene®). The Thromboquant® prothrombin time reagent (Boehringer Mannheim GmbH, Mannheim, FRG) consists of calcium thromboplastin from rabbit brain, the chromogenic substrate for thrombin, tosyl-glycyl-L-prolyl-L-arginyl-p-nitroanilide (ChromozynV* TH) 50 μπιοΐ/ΐ, calcium chloride 6 mmol/I and Tris/HCl buffer 100 mmol/1, pH 8.1.
Principle of the photometric tests
During a lag phase the extrinsic coagulation system is activated by thromboplastin in the presence of calcium ions, resulting in the generation of thrombin. A chromogenic substrate, which is specific for thrombin, is then hydrolysed with liberation of a chromophore, of which the absorbance is measured at 405 nm. The reaction product is 5-amino-2-nitrobenzoic acid isopropylamide in the Chromoquick test and /Miitroanilide in the Thromboquant lest. The prothrombin time corresponds to the time elapsed from the start of the reaction until an increase of 0.1 absorbance has been obtained. The fibrinogen concentration can roughly be estimated in the same system by calculating the increase of the absorbance caused by the formation of fibrin, which starts shortly after the hydrolysis of the chromogenic substrate (13, 15 Coagulometric assay of prothrombin time
The coagulometric prothrombin time assay according to Ο wren (3, 18) was performed in whole blood with Thrombotest® reagent (Nycomed AS, Oslo, Norway) on a Lode® coagulometer (Lode Instruments, Groningen, The Netherlands). The reagent contains ox-brain thromboplastin, cephalin and calcium chloride 3.2 mmol/1, and excess factor V and fibrinogen.
Calculations
In the coagulometric as well as in the photometric methods the prothrombin ratio (R), International Normalized Ratio (INR) and percentage Thrombotest activity were provided by the calculators. R is the quotient of the prothrombin time measured in a patient sample and in normal pool plasma. INR was calculated from R with the relation INR = R ISI using the International Sensitivity Index (ISI) stated for the reagent batch (19) . The percentage Thrombotest was calculated from the INR with the empirical assessed relation (20, 21) INR = 0.8 + (20/ Thrombotest percentage). The relation between the Thrombotest percentages estimated in patient samples by different methods was calculated by the orthogonal regression analysis of Deming (22, 23) .
Determination of the stability of photometric reagents
Reagents were kept at 4 °C, 25 °C and 37 °C and the percentage Thrombotest was determined in freshly thawed CTS Control plasmas after 1, 2, 4 and 6 h storage, then*daily during three days storage at 25 °C and six days storage at 4°C. Linear regression and standard error of estimate (SEE) were calculated for the dependence of the percentage Thrombotest on the storage time. The limit of stability was defined as the ratio 2 SEE/b, in which b is the regression constant of the relation between the percentage Thrombotest and the storage time.
Determination of the sensitivity of prothrombin time reagents to the concentration of single factors Plasmas with concentrations of single factors varying from 5% to 100% were prepared by mixing one volume of normal pool plasma, which was undiluted or prediluted with Owren's buffer (18) , with one volume Owren's buffer and two volumes plasma deficient in a single factor.
Results
In figure 1 the development of the absorbance in both photometric tests is demonstrated for plasmas with percentage Thrombotest activities varying from 8% to 55%. In the Chromoquick test the lag time is shorter, the reaction develops faster and the difference of the absorbance is greater than in the Thromboquant test. This is in agreement with the finding of shorter prothrombin time values in the Chromoquick test. The prothrombin time, determined in quadruplicate in normal pool plasma, was 21.2s in the Chromoquick test and 34.5 s in the Thromboquant test, while it amounted to 36.7 s in the Thrombotest.
Reproducibility
The reproducibility of both photometric tests was assessed by multiple determinations in pooled plasma and in lyophilized control plasmas with normal as well as variously prolonged prothrombin time values. Freshly thawed samples were determined on different days for the examination of the between-run variability. The intra-and inter-assay CV for the prothrombin time were 0.3 -1.1 % and 0.8 -2.0%, respectively, in the Chromoquick tests and 0.8 -1.2%, and 1.5 -4.2%, respectively, in the Thromboquant tests. The intra-and inter-assay CV for the percentage Thrombotest activity were 0.6-4.7% and 2.1-11.5%, respectively, in the Chromoquick test and 1.5 -4.8% and 5.5 -8.3%, respectively, in the Thromboquant test. Samples with Thrombotest activity in the therapeutic range of oral anticoagulation exhibited much better precision than samples with normal Thrombotest activity (tab. 2 and 3). 
Stability of reagents
The stability of the photometric reagents was assessed with CTS Control plasmas, containing normal and subnormal activities, as well as a therapeutic level for anticoagulant therapy. Stability limits of the reagents during storage at 4 °C, 25 °C and 37 °C are given in table 4. Our findings corresponded with the values stated by the manufacturers for storage at 4 °C. However, we found much lower stability at higher temperatures. On average, the relative decrease of the percentage Thrombotest was 14% at the stability limits.
We also assayed the relative decline of the measured percentage Thrombotest activity in eight patient plasmas with various Thrombotest activities, while keeping the reagents at 37 °C in an uncovered container of the Cobas Bio® analyser for 1 h, 2 h and 4 h, respectively. Under these conditions, the mean relative decline of the Thrombotest percentages was 5%, 12% and 30%, respectively, using the Chromoquick test.
With the Thromboquant test the mean relative decline was 6%, 16% and 42%, respectively.
Comparison of methods
Results of the Chromoquick and Thromboquant assays in plasmas were compared with Thrombotest 0 * results in 280 samples of whole blood from patients undergoing oral anticoagulant therapy or screening Smeets and van Wersch: Automation of prothrombin time . for their coagulation state ( fig. 2 and tab. 5) . The correlation between the photometric tests and Thrombotest® was better in the therapeutic range than in subnormal or normal ranges. The Chromoquick test correlated better with the Thrombotest® than the Thromboquant in all activity ranges. Thfomboquant correlated rather poorly with the Thrombotest® in subnormal and normal ranges. The regression constant of the relation between Chromoquick and Thrombotest® results amounted to 1.58 for the whole activity range and increased from 1.30 in the therapeutic range to 3.27 in the normal range. Unlike the computerized program for Thromboquant, the standard program for Chromoquck included 5 s mixing of sample and reagent in the prothrombin time. In another collection of 152 samples, we therefore compared the Thrombotest® results with Chromoquick results, using a modified computer program, in which the start of the prothrombin time was fixed at 0.5 s before the first reading, instead of 5.5 s. This improved the regression constant considerably. The regression constant of the relation between Throm- boquant and Thrombotest® results varied greatly in the three distinct activity ranges. In the normal range the results of the Thromboquant test were much higher than in the Thrombotest®. In two patients the percentage Thrombotest activity was estimated by all three methods during three weeks, in which oral anticoagulant therapy was adjusted. As shown in figure  3 the pattern of results with Chromoquick, and to a lesser extent with Thromboquant, reflected the alterations of the Thrombotest® results.
Tab. 2. Intra-und inter-assay variation of the
Thromboquant® test. Freshly thawed samples were estimated twenty times within one run, as well as on twenty different days
Sensitivity to the concentration of coagulation factors
The sensitivity of the prothrombin time to the vitamin K-dependent clotting factors is different and characteristic for each type of thromboplastin. We therefore examined in vitro the relation between the prothrombin ratio and the concentration of the single factors II, VII 9 IX and X. The dependence of the prothrombin ratio on factor V was only measured with Chromoquick and Thromboquant reagents, because the Thrombotest® reagent is supplied with this factor. The log of the prothrombin ratio is linearly related to the log of single factor concentrations ( fig. 4) . With respect to the extrinsic coagulation factors, both photometric tests showed the highest sensitivity to factor V, intermediate sensitivity to factor II and X and the least, but still good sensitivity to factor VII. Fifty percent reduction of factor II, VII or X gave prothrombin-ratio values between 1.2 and 1.3 in all three methods. For factor V, the prothrombin ratio lay between 1.3 and 1.4 with Thromboquant and Chromoquick reagents. These values are well above the normal range of 0.89-1.11 for Thromboquant (12) and 0.87-1.12 for Chromoquick (24) . The sensitivity to the intrinsic factor IX was very low in both tests. The Thrombotest® was nearly equally sensitive to factor II, VII and X and nearly insensitive to factor IX. The three reagents showed approximately equal sensitivity to factor II and X, while the Thrombotestŵ as more sensitive to factor VII than both photometric tests. 
Reduction of the reagent volume
The effect of reduction of sample and reagent volume on the results was studied in the interests of economy. Twenty samples with a Thrombotest activity varying from 4% to 90% were assayed with Chromoquick reagent in sample volumes ranging from 3 μΐ to 20 μΐ, all with a Yio sample/reagent ratio. A very high correlation with results in 20 μΐ samples was found for 10 μΐ and higher sample volumes, while the correlation decreased for 5 μΐ and 3 μΐ sample volumes (tab. 6). Pool plasmas and control plasmas with various Thrombotest activities were estimated 10 times with Chromoquick reagent in 5 μΐ and 10 μΐ samples respectively (tab. 7). The intra-assay CV ranged from 0.4% for low activities to 5.3% for high activities (mean 2.7%), using 10 μΐ samples, which corresponds with the precision for 20 μΐ sample volume (tab. 3). On the other hand, the CV ranged from 2.1% to 8.3% (mean 5.3%) for 5 μΐ samples. Both findings indicate that 10 μΙ/100 μΐ sample/reagent is the smallest volume configuration, which yields results comparable to the 20 μΙ/200 μΐ protocol.
Discussion
We wished to evaluate the possibility of replacing the traditional Thrombotest® clotting method by an automated chromogenic substrate test, in order to reduce the workload of prothrombin time tests, which are performed mostly for the control of oral anticoagulant therapy. In addition to using INR units, we therefore also expressed the results of the chromogenic tests in percentage Thrombotest coagulation activity, which is customary in our hospital, in order to avoid change of the therapeutic reference values.
Both assays of prothrombin time using chromogenic substrates can be easily automated on a Cobas Βίο (φ analyser, provided arrangements are made to maintain the reagent temperature on 37 °C. Keeping the reagent longer than two hours on 37 °C is not advisable, owing to the limited stability of both reagents at that temperature. Thus, for stat tests the reagent should be maintained at 25 °C within one working day or at 4 °C for longer periods.
Chromogenic substrate tests have several advantages over coagulometric tests. Because the thrombin activity is estimated by photometric measurement of the reaction product, these assays can be automated more easily on common clinical-chemistry analysers. Secondly, in automated photometric prothrombin time tests, smaller sample volumes are needed than in coagulometric tests. We found that reduction of the sample volume on a Cobas Bio® analyser to 10 μΐ did not change the precision of the Chromoquick test or the correlation with the results of the test performed with 20 μΐ sample volume. Also in the Thromboquant test only 12 μΐ of plasma are employed, whereas the Thrombotest® takes 50 μΐ of whole blood in the macro Lode device.
Chromogenic prothrombin time assays are not sensitive to abnormalities in the concentration or nature of fibrinogen, which is the substrate in coagulometric methods (12, 24, 25) . Moreover, interference with the conversion of fibrinogen to fibrin by fibrin split products, which occur in disseminated intravascular coagulation and thrombolytic therapy, can prolong the clotting time considerably, although the generation of thrombin is not affected. In such situations, the photometric assay, which uses a constant concentration of an artificial substrate, is little influenced (24) . Therefore, chromogenic assays are more useful for the evaluation of coagulation pathways independent of the conversion of fibrinogen to fibrin. Plasma samples containing bilirubin concentrations up to 300 μηιοΐ/l, haemoglobin concentrations up to 5 g/1 or chylomicrons produce no interference with the photometric prothrombin time assay (24) .
In photometric assays a better precision is attained than in coagulometric assays (12, 26, 27 (28) . In that study, results with Thrombotest® reagent were also compared with the results of an automated coagulometric test based on thromboplastin from rabbit brain. Our results confirm that both photometric tests are well suited for monitoring oral anticoagulant therapy, as previously described for Thromboquant (11) and Chromoquick (24, 26) . Both reagents can be applied to plasma samples from patients under heparin therapy during conversion to oral anticoagulation. In vitro experiments indicated that Thromboquant is nearly insensitive to heparin up to a concentration of at least 0.8 USP/ml plasma (11) and Chromoquick up to 1.0 USP/ml, due to the presence of added heparin antagonist (15, 27) . The sensitivity of both reagents to the individual clotting factors II, V, VII and X isf good, as was demonstrated by in vitro experiments. Both photo* metric tests showed comparable sensitivities, while the Thrombotest® reagent was more sensitive to factor VII. The sensitivity of the photometric reagents is suitable for these tests of overall clotting ability, as well as the measurement of individual clotting factors in one-stage assays, which require much less factordeficient plasma than a clotting method. It should be noted that for both chromogenic assays the highest sensitivity was found against factor V deficiency. This could be a disadvantage when monitoring oral anticoagulation, since acquired factor V deficiencies are relatively frequent.
